Hilbert M, Shushakov V, Maassen N. The influence of respiratory acid-base changes on muscle performance and excitability of the sarcolemma during strenuous intermittent hand grip exercise.
exercise; human THE ROLE OF PH DISTURBANCE in skeletal muscle function during exercise remains unclear (for review, see Refs. 1 and 9). Studies that questioned whether acidification during normal physiological conditions is actually a negative event have presented evidence that various kinds of acidification have "protective effects" on muscle excitability and, thereby, on performance after depolarization with high K ϩ concentration ([K ϩ ]) (8, 37, 40, 41) . A loss in the excitability of the sarcolemma is considered a substantial factor that contributes to muscle fatigue during high-intensity exercise. During exercise, K ϩ leaves the muscle cell and enters a small interstitial space, resulting in an increase in extracellular [ 
] o ) up to 13 mmol/l (53) . Therefore, Nielsen et al. (37) mimicked the development of muscular fatigue during strenuous exercise with a long-lasting depolarization (90 min) induced by high extracellular [K ϩ ] (11 mmol/l). This form of depolarization leads to the slow inactivation of Na ϩ channels (43) and a decrease in excitability of the sarcolemma. After the addition of lactic acid to the bathing solution, the muscle action potential (AP) (M-wave) and muscle performance recovered. These results and others from the same group led to the hypothesis that acidosis may play a beneficial role in muscle performance (8, 40, 41) . However, the K ϩ level and the duration of the incubation used in this investigation did not accurately reflect those occurring during voluntary exercise because such high concentrations may only be reached during maximal-intensity exercise with high K ϩ efflux and restricted blood flow. These types of contractions cannot be sustained for long periods of time. In contrast to the hypothesis that acidification provides beneficial effects to the muscle, it was also found that acidification shortly after the onset of exercise appears to have a negative effect on excitability, indicated by decreased propagation velocity of the muscle AP (3, 17, 20) .
Interestingly, a pH shift toward alkaline values also improves muscle performance, as was shown in a study by Mc Naughton (33, 34) in which NaHCO 3 ingestion was used to increase pH in vivo. In addition, ingestion of NaHCO 3 significantly prolonged performance time during intense (75% of a maximum incremental test) forearm endurance exercise (49) . These authors suggested that a lesser decrease in muscle excitability due to reduced K ϩ release and, accordingly, less membrane depolarization led to this effect. A reduction in the rise of interstitial [K ϩ ] observed by Street et al. (53) during high-intensity exercise during alkalosis induced by sodium citrate, which should result in maintenance of excitability, seems to support this assumption. However, there was found only a trend toward prolonged performance time. Moreover, the absence of measurements of muscle excitability does not allow further interpretation of these data.
Thus, it seems that shifts of the acid-base state toward alkalosis or toward acidosis both can maintain muscle excitability, but in distinct ways. However, the protective effects of acidification were observed after extreme depolarization in vitro, and the effects of alkalinization on muscle excitability in vivo were deduced from the results of Sostaric et al. (49) and not directly investigated.
Therefore, we examined the effects of acid-base disturbances, which were within the physiological range, resulting from respiratory acidosis and alkalosis, on muscle performance and excitability during dynamic, high-intensity hand grip exercise performed with maximal power. M-wave recordings were used to assess excitability of the sarcolemma, regarded as the ability to generate and propagate an AP. To distinguish between central and local effects, a surface electromyogram (EMG) was recorded. We hypothesized that, during voluntary exercise, alkalinization, but not acidification, would maintain muscle fiber excitability. We expected that this effect would lead to improved performance in conditions of alkalosis. No effects of acidification on muscle performance were expected.
MATERIALS AND METHODS
Subjects. Nine healthy, male subjects, who were not specifically trained in forearm exercise, participated in the study. Anthropometric data (mean Ϯ SD) collected from the subjects included age (30 Ϯ 7.5 yr), height (183 Ϯ 7 cm), and body mass (79 Ϯ 9 kg). During the 24 h before each visit, the subjects refrained from vigorous activity and were advised to keep regular meals and fluid intake. Before any testing, the subjects were informed of the risks and discomforts associated with the experiment, and they gave their written consent. The study was performed according to the Declaration of Helsinki. The procedures were approved by the Ethics Committee at Hanover Medical School.
Overview of test procedures. Each volunteer attended the laboratory on four separate occasions. First, the subjects performed an incremental hand grip exercise test to determine their maximum power, beginning with a weight of 7.5 kg (19) . The contraction frequency of the exercise was 0.4 Hz, and every contraction had to be performed with maximum speed. After 3 min of exercise, the weight was increased by 2.5 kg. The maximum weight was reached when the displacement of the hand grip became Ͻ3 cm (maximum displacement). The mean weight at the termination (P max) of the incremental hand grip exercise test was 19.5 Ϯ 3.3 kg, corresponding to 2.3 Ϯ 0.4 W. Five minutes after the termination of the incremental tests, the subjects were familiarized with the experimental interval protocol.
At least 48 h after the incremental test, the first of the three interval tests was performed using 60% of the maximum weight achieved in the incremental test. Each subject completed one interval test under respiratory acidosis (AC), one under respiratory alkalosis (AL), and one under control conditions (CON). The order of the interval tests was randomly assigned.
Experimental trials. Before the start of exercise, catheters (18 or 20 G; Vialon) were inserted in the antecubital vein of the contracting forearm and in a surface vein on the back of the hand of the nonworking arm, which was placed in a heating cushion 20 min before the experiment. According to Johrfeldt and Wahren (19) , the former placement ensures that the blood sampled during exercise originated mainly from the active forearm muscles, whereas, according to Forster et al. (10) , the blood samples from the latter placement can be regarded as arterialized. In our experiments, the mean saturation was 93.6 Ϯ 1.4%. The syringes were prefilled with 25 ml Liquemin (N2500; Hoffmann La Roche, Grenzach-Whylen, Germany).
Surface electrodes and a strain gauge for blood flow measurements were attached. The right arm was placed in a horizontal position at the height of the shoulder and in line with the shoulder axis. The angle between the forearm and the breast was kept near 170°to prevent the involvement of other muscle groups. The working arm was supported under the elbow. A basket with weights was connected to the hand grip, allowing a maximum displacement of 3 cm. To ensure a vertical lift, the basket was hung over a pulley. A linear variable differential transformer (LVDT, type 1000 DC-D; Schaevitz Engineering, Pennsauken, NJ) was used to measure displacement. The data were digitalized by a BIOPAC Data Acquisition System MP100 (BIOPAC Systems, Santa Barbara, CA) and recorded online with an IBM PC-compatible computer with the AcqKnowledge 3.22 for Windows software (BIOPAC Systems). The described experimental setup was already used in the study of Shushakov et al. (47) . The subjects were connected to a spirometer (METALYZER 3B; Cortex, Leipzig, Germany) in combination with a spirograph (closed system: MAGNA TEST type 710; Meditron, Buchholz, Germany) to measure the breathing parameters and regulate PCO 2. The subjects rested for 5 min before the beginning of each trial.
Experimental protocol. Each test was divided into the following three phases: 1) a 5-min resting period (RP), 2) a 15-min preperiod (PP), and 3) a 10-min intermittent exercise period (EP), which consisted of 10 exercise cycles of 15 s of work and 45 s of rest (Fig. 1) .
For the induction of AC, the PCO 2 was increased via rebreathing during PP and EP. The inspiratory CO 2 was increased within 15 min to 6.4 Ϯ 0.6% at the end of PP manually by partially bypassing of the absorber under monitoring PCO 2 by an infrared absorption analyzer (BINOS 100 2M; Rosemount, Hanau, Germany). O 2 concentration in the closed system was held constant at 21% by an automated feedback system. The response time of the paramagnetic O 2 analyzer to a difference in O 2 concentration of 0.2% is 0.8 s. The maximal O2 injection rate into the system was 10 l/min. Because of these properties of the spirograph in combination with the slow increase in PCO 2 during rebreathing, no drop in the end-tidal PO2 occurred. In contrast, the increase in the end-tidal PCO 2 (Fig. 2) led to an increase in ventilation, resulting in an increase in PO 2. During the EP, the inspiratory CO2 was maintained at a similar level to that present at the end of PP. No further strategy was necessary to keep end-tidal PCO2 constant because the increases in ventilation (ϳ20 l/min) and V CO2 (0.5 l/min) during exercise with a small muscle group are small compared with the increases during exercise with a large muscle group. Consequently, the variations in the PCO 2 during the EP were small compared with the differences between the experimental conditions (Fig. 2) .
To achieve AL, the subjects increased their ventilation slowly and in a linear manner (with feedback from a monitor) to ϳ30 l/min over the 15-min PP. They were advised to increase their tidal volume, and not their frequency, to achieve an increase in alveolar ventilation that would significantly decrease their end-tidal PCO 2, but not to the extent that they would become dizzy. This method resulted in decreased PCO 2. During the EP with AL, the subjects breathed normally during the 15 s of work and hyperventilated during the 45 s of rest to maintain their PCO2 level near that obtained at the end of the PP. For the CON trial, ventilation was not manipulated. At the end of PP, the PCO2 had almost reached a steady state (Fig. 2) .
Arterialized (art) and venous (ven) blood samples were collected simultaneously during the RP, after 8 min, and at the end of the PP. During the EP, arterialized blood samples were taken during cycles 1, 5, and 9, and the venous samples were taken after cycle 1 and before and after cycles 2, 5, 6, 9, and 10. The blood flow was measured during the RP, every 5 min during the PP, and after each exercise bout (EB) during the EP. The M-wave was recorded during the RP, every 5 min during the PP, and just before and immediately after each EB during the EP. The voluntary EMG signal was recorded during the EBs.
During the EP, the subjects lifted the weight with maximum contraction speed (CS) and frequency. The exercise protocol corresponded to the one used by Zange et al. (56) , with the intent to interpret our results in light of their intracellular measurements (nuclear magnetic resonance spectroscopy) of pH and phosphates. The mean weight lifted in the interval exercise was 11.7 Ϯ 2.0 kg, which corresponded to 60% of the P max. Although the weight during the interval test was lower than during the incremental test, the mean power in the first interval was approximately fourfold greater (9.3 Ϯ 2.7 W) than the maximum power achieved in the incremental test due to increased contraction frequency.
Blood sampling and analysis. The acid-base state of the blood [PCO 2, pH, HCO 3 Ϫ , base excess, and PO2] and the plasma electrolytes (K ϩ , Na ϩ ) were measured immediately after the sampling by a blood gas analyzer (ABL 330; RADIOMETER, Copenhagen, Denmark).
Mechanical parameters. Displacement and time measurements were used for the calculation of the mechanical parameters of CS and relaxation speed (RS). The CS was calculated from the maximum displacement of each contraction and the time that it took to reach this displacement height. The RS was calculated using the time it took to go from the maximum displacement height to zero. Both parameters were calculated for each contraction. From these data, the mean CS and the mean RS were derived. The mean CS and RS at the beginning and end of each exercise cycle were calculated in a similar manner using the first and the last five contractions of each exercise cycle. The total work per EB was calculated as the sum of the products of the number of contractions and the work of each contraction, which was calculated as the product of the force and the displacement of each contraction. The decrease in displacement and number of contractions during the exercise cycles were used as a direct measure for the development of muscular fatigue.
Forearm blood flow. The blood flow of the forearm was measured using venous occlusion plethysmography (PERIQUANT 3800; Gutmann, Germany), similar to the method described by Sostaric et al. (49) . The data were digitalized by the BIOPAC Data Acquisition System MP100 (BIOPAC Systems) and recorded on an IBM PCcompatible computer with the AcqKnowledge 3.22 for Windows software (BIOPAC Systems). The skin was moistened with water and cooled with a fan to reduce skin blood flow (5, 18) . A venous occlusion cuff was placed on the upper arm just proximal to the olecranon of the exercising forearm and inflated to 40 mmHg during rest and ϳ80 mmHg during the EP. The strain gauge was placed around the largest circumference of the forearm to detect extension. The duration of each venous occlusion was Ͻ6 s. Based on the changes in the circumference of the forearm, the forearm blood flow was calculated. Before each measurement, the plethysmograph was calibrated to the circumference of the forearm to exclude changes due to swelling.
EMG/M-wave. One electrode with a diameter of 1 cm was placed on the main motor point of the musculus flexor digitorum superficialis for stimulation purposes. The second stimulating electrode with an area of 12.5 cm 2 was fixed on the opposite leg. Both electrodes were coated with conducting gel (SPECTRA 360; Parker Laboratories, Fairfield, NJ). The motor point of the muscle was stimulated supramaximally with rectangular, constant-current pulses with 1.5-ms duration (the devices used included the following: constant voltage simulator S48, isolation unit SIU 5, and constant current unit CCU1; Grass Instruments, W. Warwick, RI).
The voluntary EMG signal and the M-wave were recorded in a bipolar fashion using silver/silver chloride monitoring surface electrodes (CLEAR TRACE 1700; ConMed, Utica, NY). The electrodes were placed between the stimulating electrode and the wrist, parallel to the muscle fibers. The distance between the centers of the diversion electrodes was 2 cm.
For the amplification and storage of the EMG signals, an EMG system (BIOPAC Data Acquisition System MP100; BIOPAC Systems) connected to an IBM PC-compatible computer was used. The EMG signals were amplified 500 times and sampled at 1,000 samples/s; the M-wave was sampled at 6,878 samples/s.
The calculation of the median frequency (MF) and the root-meansquare (RMS) of the EMG signal was performed for the entire period of each EB and separately for the first five and the last five contractions. The EMG was analyzed within a frequency band ranging from 10 to 500 Hz. The power density spectrum of the EMG was obtained using the fast-Fourier transform technique (Hamming windowing). The RMS and the MF were computed from the raw EMG using the AcqKnowledge data analysis software (BIOPAC Systems) and normalized to the first value.
For analysis of M-wave, the area contained by the negative phase of the M-wave was chosen because the area under the positive phase of the M-wave is sensitive to baseline shifts and to motion artifacts, especially when recording close to the tendon. Control measurements of the M-wave area showed a high, positive correlation between changes in the negative and positive areas of the M-waves (47) . For the same reasons, the duration of the M-wave was measured only to the positive peak (t max). The area and the duration of the M-wave were normalized to the resting values. Monitoring of the recording conditions was performed by calibration with constant-current pulses throughout the entire experiment.
Statistical analysis. The results are presented as means Ϯ SD. The performance and the parameter of the voluntary EMG signal were normalized to the values obtained during the first EB and the evoked EMG signal to the values obtained in the RP. For the comparison of the three groups and to determine the dependence on time, we used a two-way ANOVA for repeated measures and the Schéffé test as a post hoc test for multiple comparisons of the means. Statistical significance was accepted at P Ͻ 0.05.
RESULTS

Effects of respiratory disturbances and exercise on the acid-base state.
The PCO 2art during the PP (Table 1) decreased with AL, increased with AC, and remained constant with CON conditions. During the EP, it reached 27.9 Ϯ 0.59 mmHg with AL, 57.1 Ϯ 0.7 mmHg with AC, and 44.6 Ϯ 0.3 mmHg with CON conditions (P Ͻ 0.001). The PCO 2ven followed a similar pattern (P Ͻ 0.001, Fig. 3) .
After the first exercise cycle, the pH ven (Fig. 4 ) of all groups began to decrease and reached its minimum before the fifth exercise cycle (AL, 7.25 Ϯ 0.05; AC, 7.13 Ϯ 0.02; CON, 7.16 Ϯ 0.03; P Ͻ 0.001). After the minimum was reached, the pH ven remained constant with AC and AL conditions but rose again in the CON condition (P Ͻ 0.05). The pH ven was significantly lower throughout the entire EP during each condition than it was at rest (P Ͻ 0.001). Following the second exercise cycle, the pH ven values immediately after the exercise cycles were significantly higher than before (P Ͻ 0.05).
Effects of respiratory acid-base disturbances and exercise on mechanical parameters. In one experiment, the LVDT was damaged; therefore, data from only eight subjects were considered.
For the first EB, no significant differences were found between the three conditions in CS (CON, 0. The CS decreased during each cycle of exercise (P Ͻ 0.001) and over the entire EP in all groups during the second EB and all subsequent cycles (P Ͻ 0.05). However, the decrease in CS observed over the EP was less pronounced with AC (P Ͻ 0.001) from cycles 2 through 10 (cycle 10: 9.4 Ϯ 0.91%) when comparing AC and AL and from cycles 5 through 10 (cycle 10: 9.5 Ϯ 1.3%) when comparing AC and CON. We found that the reduction in CS was ameliorated with AC compared with AL or CON conditions (P Ͻ 0.05, Fig. 5 ) in the first, but not in the last, five contractions. Compared with the first exercise cycle, the CS of the first five contractions was significantly lower from cycle 9 to 10 with AC, whereas it was significantly lower from cycles 5 to 10 with AL and CON conditions (P Ͻ 0.001). Values are means Ϯ SD, n ϭ 9 subjects. PP, preperiod; RP, resting period; art, arterialized; CON, control; AC, acidosis; AL, alkalosis; BEart, arterialized base excess. ##P Ͻ 0.001, AL or AC vs. CON. ϩϩP Ͻ 0.001, AL vs. AC. A relative decrease in the RS was also observed and found to be significantly different between groups (P Ͻ 0.001). The mean percentage of the initial RS over the 10 cycles of the EP was 85.6 Ϯ 9.2% with CON conditions, 82.4 Ϯ 7.9% with AL, and 90.6 Ϯ 7.3% with AC. After the first EB, the total work per EB was not as decreased with AC as it was in the other groups (AC, 81.8 Ϯ 25.1%; AL, 62.9 Ϯ 18.6%; CON, 66.3 Ϯ 30.0%; P Ͻ 0.001).
Effects of respiratory acid-base disturbances and exercise on the M-wave. Throughout the PP, the changes in M-wave area were not significantly different between the three conditions. After the first EB, the M-wave area decreased in CON and AC conditions but remained almost constant in the AL condition (after cycle 10: 99.7 Ϯ 0.8%, Fig. 6 ). In the CON group, the M-wave area reached its minimum after the third EB (92.1 Ϯ 0.2%). The M-wave area remained lower in the CON group than in the AL group up to the fifth cycle (P Ͻ 0.05). At the end of the EP, the M-wave area reached 98.3 Ϯ 2.2% in CON. In the AC group, the M-wave area decreased through the end of the EP and reached a minimum of 73.4 Ϯ 19.8% after cycle 10. The M-wave area was lower in the AC group than in the AL group after one cycle of exercise and lower than in the CON group after two cycles of exercise (P Ͻ 0.001).
We did not find any significant differences in t max between the groups during PP or EP. After an initial increase during EP, the t max decreased in all groups and reached its minimum (88 Ϯ 6%) after the last EB. The values after the EB were lower than before (P Ͻ 0.05). After the fifth EB, the t max was lower than before the start of the first exercise cycle (P Ͻ 0.05).
Effects of respiratory acid-base disturbances and exercise on the EMG. The time course of the MF was not different between the CON and AL groups (Fig. 7) . After the first EB, the mean MF initially decreased (exercise cycle 2: 95 Ϯ 4%; P Ͻ 0.05). Afterward, it increased and was significantly higher in exercise cycle 6 compared with cycle 2 (P Ͻ 0.05). In the last EB, the MF reached 102 Ϯ 11% compared with the first EB, which was not significantly different from the initial value of MF. In contrast, the time course of the MF in the AC group was changed from the fifth EB to the end of the EP. With AC conditions, the MF at the beginning of the EB was increased compared with the AL and CON conditions during the EP from exercise cycle 5 to 10 (P Ͻ 0.001, Fig. 7) . However, the observed reduction within the EB was not significantly different.
We did not find any significant differences in the RMS values between the groups during the EP. The mean RMS of the EBs decreased after the first cycle and then reached a steady state by the fifth cycle (88 Ϯ 14%). The RMS was lower from the second EB to the end of the EP (P Ͻ 0.05). No significant differences between the conditions were observed. The RMS at the beginning of the EBs was less than it was at the end (P Ͻ 0.05).
Effects of respiratory acid-base disturbances and exercise on blood flow. During the PP, blood flow was not significantly different between the conditions or compared with the blood flow recorded during the RP (1.45 Ϯ 0.3 ml·min Ϫ1 ·100 ml tissue Ϫ1 ). During the EP, blood flow increased in all groups (P Ͻ 0.001), but the increase with AC was higher than the increase observed with AL (P Ͻ 0.001) or CON (P Ͻ 0.05) conditions. Comparing the blood flow at the beginning and end of the EP, we found ϳ26-, 22-and 19-fold increases with the AC, CON, and AL conditions, respectively. ] ven remained higher than it was at the end of the PP.
Effects of respiratory acid-base disturbances and exercise on plasma electrolytes.
DISCUSSION
In this study, we examined the influence of respiratory acid-base disturbances on muscle power and excitability. Respiratory AL did not improve muscle performance during intermittent high-intensity exercise; in contrast, respiratory AC reduced the development of muscular fatigue. In accordance with our hypothesis, the area of the M-wave was stabilized during exercise with respiratory AL. In contrast, the area of the M-wave decreased with respiratory AC. The duration of the M-wave was unaffected by respiratory acid-base disturbances. No correlation was found between the M-wave and power. The change in the amplitude of the EMG was not different between the three conditions. No influence on the MF was observed with respiratory AL, but a lesser decrease in the MF was observed with respiratory AC during the EB.
Effects on pH. In our study, we changed the acid-base state by purposely increasing or decreasing the rate of pulmonary gas exchange. Because the duration of one experiment was Ͻ50 min, the effects of metabolic compensation can be neglected because of its slow development. The level of 101.8 Ϯ 6.8 mmHg CO 2 in the venous blood that we reached by using rebreathing is in accordance with the value of 100 mmHg that was observed during intense bicycle exercise (24) . Compared with the results found by Nielsen et al. (37; 23% CO 2 in the bathing solution corresponds to ϳ150 mmHg), these putative PCO 2 levels are far lower. That means that the former data do not appear to be representative for in vivo exercise conditions.
In our alkalotic trial, PCO 2ven levels that were 20 mmHg below the CON values were observed. Accordingly, the difference observed between the conditions in proton concentration in the venous blood was larger by far (ϳ2.5-fold) in the present study than that reported by Sostaric et al. (49) . In our pH, PERFORMANCE, AND EXCITABILITY IN VIVO study, the observed changes nearly cover the physiological pH and PCO 2 ranges in blood during exercise. Thus, if acid-base changes do influence muscle performance and the M-wave in vivo, this should have been apparent from the results of our investigation.
Effects of acid-base disturbances on performance. In our experiment, power decreased during each EB without a direct link to the changes in pH. This general pattern is typically observed during this kind of exercise (2) and was also seen for intracellular pH (46, 56) . Nevertheless, a benefit of preexercise acidification caused by increased CO 2 levels was identified for CS and RS. CS was higher at the beginning of each EB with AC compared with CON or AL from EB 5 to 10. The RS was less reduced during subsequent EBs with AC. In vitro, a beneficial effect of acidification was reported by Pannier et al. These results were confirmed in several studies, e.g., in the extensor digitorum longus muscle (8, 14, 40, 41) . However, without K ϩ -induced depolarization, Kristensen et al. (25) found no effect of acidification on muscle force when the muscle was fatigued by stimulation. The underlying reason for the differences in force decrease resulting from high [K ϩ ] o or prolonged stimulation was suggested to be the unusual large and long-lasting depolarization observed in the former method, which would result in impaired excitability of the sarcolemma due to a slow inactivation of the Na ϩ channels (43, 44) . However, the results of these in vitro experiments cannot be directly related to our findings because they relied on nonphysiological experimental conditions for temperature, K ϩ , and pH gradients.
In contrast to the numerous in vitro studies, only a few in vivo studies exist that deal with the effects of respiratory AC on performance (30, 32, 35) . In these studies, the inhaled CO 2 concentration ([CO 2 ]) (4 -5%) was less than in our study, and no influence on performance was found. Acute hypercapnia (8 -9% [CO 2 ], 20 min) led, however, to a reduction in performance in limb muscle fatigued by stimulation (29, 54) . These authors suggested that the performance was reduced due to depressed muscle contractility at [CO 2 ] Ͼ5%. These observations were recently confirmed by Kato et al. (22) , who reported a performance-diminishing effect of hypercapnia (6% [CO 2 ], 60 min before exercise) on incremental bicycle exercise. Although the pH art corresponded to our results, we observed an opposite effect. An explanation for the discrepancy with our results might be derived from the different type of exercises (voluntary exercise vs. stimulation) or from the different muscle masses that were exercised. Both of these aspects may distinctly influence the cardiovascular system, ventilation, metabolism, and catecholamine level, which, in turn, can influence performance (5) .
We found no benefit of alkalinization induced by hyperventilation on performance. The pH during exercise was significantly higher with AL than in the CON group. Therefore, more protons might have accumulated until a pH similar to the CON trial was reached. Nevertheless, this did not have an effect on our measured outcomes. These results are in agreement with studies by Morrow et al. (36) and Greenhaff and Maughan (13) . Both studies reported that there was no effect on performance due to hyperventilation during either continuous or incremental bicycle exercise. In vitro studies of rat muscle further support these findings; Lindinger et al. (27) and Spriet et al. (50) did not find an influence of alkalinization, induced by decreasing the CO 2 content in the surrounding solution, on muscle force at rest or after 5 min of tetanic stimulation. Therefore, there does not appear to be a benefit of alkalinization induced by hypocapnia on various types of exercises. The positive effects of AL have been mainly described in conditions of metabolic AL, but the results are also conflicting (12, 33, 34, 36, 49, 52, 55) .
M-wave, electrolytes, and pH. Generally, an increase in [K ϩ ] o reduces the amplitude of the AP, which is often interpreted as a decline in membrane excitability. However, this effect can be realized through two different mechanisms; the first mechanism is a direct action on the potential of the sarcolemma (a decrease in the potential difference), and the second mechanism is the slow inactivation of Na ϩ channels due to depolarization (a decrease in the ion current). Because the compound AP is a sum of several APs, a decrease in the number of excitable muscle fibers due to slow inactivation can be a third cause for a decrease in amplitude and area. Therefore, a decrease in the AP amplitude or area due to depolarization does not necessarily indicate a decline in excitability of the sarcolemma. In our opinion, a more reliable indicator is the propagation velocity of the AP because of its self-regenerating nature. If excitability of the sarcolemma declines, for instance, due to slow inactivation of the Na ϩ channels, a decrease in the amplitude of the AP should be accompanied by the impaired propagation of the AP. In resting muscle, we found no differences between the tested conditions. In contrast to our observations in the EP, neither the increase nor the decrease of pH led to a measurable change in the M-wave area during the PP. This result could potentially be ascribed to low muscle blood flow at rest (45) . Consequently, the changes in [CO 2 ] art may not have completely reached the muscle cells because of the shunt of the blood flow (15) . Immediately after the first EB, the blood flow was augmented, which would result in homogeneous perfusion (15) and an increase in the [CO 2 ] in the muscle.
In the CON condition, the decrease in the M-wave area at the beginning of the EP should be due to the increase in the extracellular [K ϩ ]. After the second EB, the M-wave area began to increase, which may indicate that the Na ϩ -K ϩ -ATPase was induced by exercise (6, 16, 31, 38) . An increase in the magnitude of the compound muscle AP during voluntary hyperventilation was previously reported by Macefield and Burke (28) . The authors directly connected this effect to an increase in the excitability of the motor axons, although it could also have been related to an increase in the sarcolemmal AP (47) . In our experiment, the M-wave area had already increased after the first EB with AL conditions. The magnitude of the increase equated to that observed during exercise with CON conditions. Therefore, these effects do not seem to be additive. The increase in M-wave area with AL might be explained by an activation of the Na ϩ -K ϩ -ATPase due to an increase in the pH in the muscle (4, 21, 48) . This assumption is supported by the decrease in both [K ϩ ] art and [K ϩ ] ven . The decrease in the M-wave area during the entire EP with AC indicates that the excitability of the sarcolemma was not maintained better with AC compared with the other conditions. Thus, the differences in CS between the groups cannot be explained by the differences in sarcolemmal excitability. The decline in force and M-wave area observed in vitro (37, 40, 41) was due to the slow inactivation of Na ϩ channels following a large depolarization after incubation with high [K ϩ ] o (11-13 mmol/l) for a minimum of 90 min. Because the duration of the depolarization with large [K ϩ ] in our experiments only lasted for a few seconds, it should not have led to an inactivation of the Na ϩ channels. The decrease in the M-wave area with AC may be caused by an inhibition of the Na ϩ -K ϩ -ATPase (48) . In addition to the direct impact of pH, the activity of the Na ϩ -K ϩ -ATPase is thought to be influenced by pH-regulating mechanisms and activated by a rising pH gradient between muscle and plasma (25) (7, 51) , should lead to a reduction of M-wave area. However, despite the obvious decrease in the M-wave area with AC, the excitability of the sarcolemma was likely not impaired by the respiratory pH changes in our study because the durations of the M-waves and, therefore, the propagation velocities of the muscle APs were not different between the groups.
Thus, the increase in performance observed in the AC group was not caused by an enhanced excitability of the sarcolemma. This cause may be a increased recruitment of fast-twitch fibers, since the greater MF was accompanied by the higher CS. The MF is related to the average AP propagation velocity; therefore, it does not only depend on the excitability of the muscle fiber but also on the type of recruited muscle fibers (23, 26) or on the relative proportion of recruited fast-twitch and slowtwitch fibers (11, 26) . Another possibility could be that there was a beneficial effect of the increasing intracellular H ϩ on the excitation-contraction coupling resulting from the mobilization of intracellular Ca 2ϩ (39, 42) . In summary, during voluntary, high-intensity exercise, acidification by CO 2 rebreathing decreased the M-wave area. In spite of the decreased M-wave area, we observed a more sustained performance in the AC group. Respiratory AL amplified the M-wave, but this had no influence on performance. Accordingly, there does not appear to be a direct link between alterations in M-wave area and performance in this type of exercise at the investigated pH range. The reasons for the observed improvement in performance with AC are not yet clear, but a shift in the MF toward higher frequencies points to greater recruitment of fast-twitch fibers.
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